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Spouted bedAbstract Spouted bed contactor is a hybrid of ﬁxed and ﬂuidized bed contactors, which retains the
advantages of each with good hydrodynamic conditions. The aim of the present study is to inves-
tigate the performance of a batch conical air spouted vessel for heavy metal removal by strong cat-
ion exchange resins (AMBERJET 1200 Na). The effect of various parameters such as type of heavy
metal ions (Ni+2 and Pb+2), contact time, superﬁcial air velocity and initial heavy metal ion con-
centration on % heavy metal ion removal has been investigated. It has been found that under opti-
mum conditions 98% and 99% removal of Ni+2 and Pb+2 were achieved respectively. Several
kinetic models were used to test the experimental data and to examine the controlling mechanism
of the sorption process. The present results of Ni+2 and Pb+2 well ﬁt pseudo second order kinetic
model with a high correlation coefﬁcient. Both ﬁlm diffusion and intra-particle diffusion contribute
to the ion exchange process. The present study revealed that spouted bed vessel may provide an
effective alternative for conducting ion exchange reactions.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/3.0/).1. Introduction
The presence of low concentration of heavy metals within
industrial efﬂuents can lead to numerous environmental issues.
Heavy metals are known to be highly toxic which can affect the
aquatic life; besides they are non-biodegradable and accumu-
late within plants and ﬁsh organism causing harmful effectson long term for both humans and aquatic life. Electroplating
industry, metal ﬁnishing processes, batteries manufacture,
printing and photographic industries and extractive hydromet-
allurgical processes discharge efﬂuents containing a great deal
of heavy metals [1]. Technically efﬁcient and economically fea-
sible treatment of such industrial wastewater is needed as it is
crucial to avoid water pollution due to increasing social and
economic importance of environmental conservation.
Conventional treatment methods for heavy metal removal
from wastewaters include chemical precipitation, chemical
reduction, ﬂocculation, ﬁltration, evaporation, solvent extrac-
tion, biosorption, activated carbon adsorption, ion-exchange,
electrodialysis, and membrane separation processes [2].
Among the heavy metals removal processes, ion exchange
Nomenclature
Symbol Description
a constant
b constant (mg/l)
k1 Pseudo-ﬁrst order rate constant (s
1)
k2 Pseudo-second-order rate constant (g/mg s)
kp intra-particle diffusion coefﬁcient (mg/g s
0.5)
qe amount adsorbed at equilibrium (mg/g)
qt amount adsorbed at time (t) (mg/g)
t time (s)
Figure 1 Typical particle motion in gas spouted bed.
84 T.M. Zewail, N.S. Yousefprocess seems to be very effective to remove various heavy
metals and the ion exchange resin can be easily recovered
and reused by regeneration operation [3]. Ion exchange is the
process through which ions in solution are transferred to a
solid matrix which, in turn release ions of a different type
but of the same charge [4]. Ion exchange is a physical separa-
tion process in which the ions exchanged are not chemically
altered [5]. The main advantages of ion exchange are recovery
of metal value, selectivity, less sludge volume produced and the
meeting of strict discharge speciﬁcations. Different types of
exchange materials, which are distinguished into natural or
synthetic resins, are commercially available.
Furthermore, the ion exchange resin can be categorized on
the basis of functional groups such as cationic exchange resins,
anion exchange resins, and chelating exchange resin. Many
investigators have studied the heavy metal ions removal by
using different types of ion exchange resins. Lee et al. [6] stud-
ied equilibrium and kinetic of Cu2+/H+, Zn2+/H+, and
Cd2+/H+ removal using Amberlite IR-120. El-Kamash [7]
used several kinetic models to test the experimental data and
to examine the controlling mechanism of the ion exchange of
zinc and cadmium ions using synthetic zeolite. Elshazly and
Konsowa [8] have studied the removal of nickel ions from
wastewater polluted with nickel chloride using a cation-
exchange resin in a stirred tank reactor. EL-Hasan et al. [9]
studied the removal of heavy metals (Cu2+, Zn2+and Ni2+)
from aqueous model solution using Tripoli (Microcrypto crys-
talline silica =MCCS) as adsorbent. Alyu¨z and Veli [10] stud-
ied the kinetics and equilibrium studies for the removal of
nickel and zinc from aqueous solution using Dowex HCR S/
S exchange resin. They found that removal of Ni2+ and
Zn2+ was well ﬁtted by second-order reaction kinetic. Lin
and Juang [11] had investigated two chelating ion exchange
resins Chelex 100 and Amberlite IRC 748 both have iminodi-
acetic acid function group, to exchange Cu(II) and Zn(II) from
aqueous solutions.
Industrially ion exchange processes are conducted in either
ﬁxed bed or ﬂuidized bed columns. The performance of ﬁxed
and ﬂuidized bed is a strong function of equilibrium, kinetic
and hydrodynamic factors, of which the hydrodynamic factor
is the most important [12]. In spite of the good hydrodynamic
ﬂow characteristics of spouted bed column, no attempt has
been made before to investigate its performance in conducting
ion exchange reactions [13]. Spouted beds are gas–particle
contactors in which the gas is introduced through a single noz-
zle at the center of a conical or ﬂat base [14]. Unlike the ﬂuid-
ized bed the high-velocity spout of gas penetrates the bed and
carries the particles upward. The other sections of the particles
move downward at slow speed so that a fairly uniform circu-
lation of particles is obtained [15]. Fig. 1 illustrates typical par-
ticle motion in gas spouted bed. This particle circulation couldachieve more intense mass-transfer conditions, in addition
since the spouted bed is never uniformly ﬂuidized the required
gas ﬂow for spouting is considerably less than in a ﬂuidized
bed operating with particles of the same size and density. Con-
ical spouted beds have the properties of conventional spouted
beds (cylindrical base), however conical spouted beds allow for
strong gas–solid contact since they operate stably in a wide
range of gas ﬂow rates [16]. The main objective of the present
work is to investigate the kinetics of heavy metal removal by
strong cation exchange resin in a batch conical air spouted
bed. Different parameters have been investigated such as: type
of heavy metal ion (Ni+2 and Pb+2), contact time, initial con-
centration of heavy metal, and air superﬁcial velocity.
2. Materials and methods
2.1. Materials
Fresh strong cation exchange resins, macro-porous AMBER-
JET 1200 Na a product of ROHM&HAAS were used. Table 1
shows the speciﬁcations of the present ion exchange resin.
Nickel sulfate, lead nitrate and hydrochloric acid were all ana-
lytical reagent grade chemicals.
Fig. 2 shows a schematic diagram of the experimental set-
up. It consists mainly of an air compressor, a calibrated rota-
meter and a conical spouted bed vessel. The spouted bed vessel
Table 1 Properties of macro-porous AMBERJET 1200 Na
resin.
Physical form Amber spherical beads
Matrix Styrene divinylbenzene
copolymer
Functional group Sulfonate
Ionic form as shipped,
eq/l (Na+ form)
Na+
Total exchange capacity P2.00
Moisture holding capacity,
% (Na+ form)
43–47
Shipping weight, g/l 850
Speciﬁc gravity, (Na+ form) 1.26–1.30
Uniformity coeﬃcient 61.2
Harmonic mean size, lm 620 ± 50
Fines content, mm <0.300 : 0.1% max
Maximum reversible swelling Na+ﬁ H+:10
Figure 2 Schematic diagram of experimental apparatus. (1)
Compressor; (2) ball valve; (3) calibrated rotameter; (4) non return
valve; (5) solution level; (6) spouted bed; (7) sintered glass; (8)
exchange resin; and (9) side drain. 0
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Figure 3 Effect of contact time on the percentage removal of
Ni+2 at different air spouting velocities (initial Ni+2
conc = 800 ppm, resin = 40 gm, Temp = 25 C).
0
20
40
60
80
100
120
0 200 400 600 800 1000 1200 1400
%
 R
em
ov
al
 e
ffi
ci
en
cy
Time, s
0
0.51
12.74
25.74
50.96
76.43
air velocity, 
cm/s
Figure 4 Effect of contact time on the percentage removal of
Pb+2 at different air spouting velocities (initial Pb+2
conc = 800 ppm, resin = 40 gm, Temp = 25 C).
Kinetic study of heavy metal ions removal by ion exchange 85made of a plexi-glass cylindrical column of 16 cm in diameter
and 26 cm height. The cylindrical column was supported by a
truncated cone of 10 cm height and an inclined angle of 37
4600. The truncated cone was provided with an inlet section
of 2.5 cm diameter. Ion exchange resins were supported in
the vessel by a sintered glass (G2) gas distributor placed at
the end of inlet section. Air at different ﬂow rates was intro-
duced from the inlet section through the sintered glass to the
spouted bed vessel thought a nozzle of 1 cm diameter. The ﬂow
rate of inlet air was regulated by a ball valve and measured by
the rotameter. A non-return valve was ﬁxed in the inlet nozzle
to prevent back ﬂow. A ball valve was ﬁxed in a side pipe for
drainage.
2.2. Method
A stock solution of 1500 ppm of Ni+2 and Pb+2 was prepared
by dissolving corresponding equivalent amount of nickel sul-
fate and lead nitrate respectively in distilled water. Solutions
of nickel and lead ions of different concentrations were pre-
pared by dilution. Fresh resins were prepared before runs by
immersion in 6% HCl, stirring for 15 min and washing withdistilled water many times until pH 5.5 was reached, and
ﬁnally resins were dried by air. Two liters of freshly prepared
solution of heavy metal ions (Ni2+ or Pb2+) of known initial
concentration were placed in contact with 40 gm of dried resin
in the spouted bed. Air ﬂow rate was adjusted by a ball valve.
Kinetics of the ion exchange reaction was followed by with-
drawing 5 ml sample from the vessel every 3 min. The samples
were analyzed for the remaining heavy metal ion using atomic
absorption spectrophotometer (AA 6650 – Shimadzu). All
experiments were carried out at 25 ± 2 C.
3. Results and discussion
3.1. Effect of contact time
Figs. 3 and 4 depict the effect of contact time on the %
removal efﬁciency of Ni+2 and Pb+2 at different air spouting
velocities respectively. It is apparent that as contact time
increases, the % removal efﬁciency increases signiﬁcantly until
a plateau is reached at which the % removal efﬁciency hardly
changes with time. The initial sudden increase in % removal
particularly at high air velocities can be explained in terms
of the high driving force at the beginning. However with the
increase of time the driving force decreases as the metal ions
86 T.M. Zewail, N.S. Yousefbeing exchanged. In addition the available sites in the resin
begin to decrease with time.
3.2. Effect of air spouting velocity
Figs. 3 and 4 show the effect of superﬁcial air spouting velocity
on the % removal efﬁciency of Ni+2 and Pb+2. The %
removal efﬁciency of both metal ions increases as air spouting
velocity increases up to 25.48 cm/s. However beyond this
value, air spouting velocity has negligible effect on % metal
ion removal efﬁciency since resin has been saturated with metal
ions. To explain the increase of % removal efﬁciency with the
increase of superﬁcial air velocity, it should be mentioned that
with the increase of air velocity, the ﬂow pattern within the
vessel changed from stable spouting to jet spouting. The
increase in % removal efﬁciency during stable spouting regime
can be explained in terms of that as air velocity increases both;
particle – circulation rate and particle cross rate at the bottom
increase [17]. Where particle circulation rate expresses the total
mass ﬂow of particles at a given longitudinal position in the
spout, and particle cross ﬂow expresses the solid ﬂow from
the annular zone into the spout zone through the interface.
Thus a vigorous mixing can be achieved by increasing air
velocity, which results in good mass transfer rate. The increase
in % removal efﬁciency during jet spouting regime can be
explained by the fact that the upraising air stream induces
radial as well as axial momentum which cause decrease in
the thickness of diffusion boundary layer surrounding each
particle [18]. In addition as the gas velocity increases the collu-
sion between adjacent resin particle increases and hence
increase the reaction rate as collision leads to generate turbu-
lence in boundary layer.
3.3. Effect of initial metal ion concentration
Fig. 5 exhibits the effect of initial metal ion concentration on
% removal efﬁciency for both Ni+2 and Pb+2. % Removal
efﬁciency of Pb+2 decreases slightly with the increase of initial
Pb+2 concentration. However % removal efﬁciency of Ni+2
decreases considerably at high initial Ni+2 concentrations.
The slight dependence of % removal on initial Pb+2 concen-
trations may be ascribed to the high afﬁnity of the present resin86
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Figure 5 Effect of initial metal concentration on percentage
removal of metal ions (air spouting velocity cm/s, resin = 40 gm,
Temp = 25 C).to Pb+2 ions. The decrease of % removal efﬁciency of Ni+2 at
high concentration may be attributed to that less number of
favorable sites for ion exchange are available with the increase
of metal ion concentration at a ﬁxed resin dosage. The present
trend has been found consistent with the reported results in Al-
Anber et al. [19].
3.4. Kinetic studies
Kinetic studies are essential in the design and scale up of full
scale ion exchange conductors, since they describe the rate of
metal ion uptake by the resin which is related to the residence
time. In addition kinetic study could give an idea about the
real mechanism of the process and the rate determine step. Dif-
ferent kinetic models have been investigated for their suitabil-
ity to describe the rate of ion exchange process, the most
common ones are (i) Pseudo ﬁrst-order kinetic model, (ii)
Pseudo second-order kinetic model, (iii) Elovich model and
(iv) Intra-particle diffusion model.
3.4.1. Pseudo ﬁrst-order kinetic model
Simple linear equation for pseudo-ﬁrst-order reaction kinetic is
given according to the following equation [20]:
lnðqe  qtÞ ¼ lnqe  k1t ð1Þ
where k1 is the pseudo ﬁrst-order rate constant, qt is the
amount of heavy metal removed at time ‘t’ and qe is the
amount of heavy metal removed at saturation. Plot of ln
(qe  qt) versus t allows calculation of the rate constant k1
and qe for Ni
+2 and Pb+2. Figs. 6 and 7 show a plot of ln
(qe  qt) versus time at different initial metal ion concentra-
tions for Ni+2 and Pb+2 respectively. The present data of
Ni+2 and Pb+2 ﬁt the pseudo ﬁrst order kinetic model to an
acceptable degree and with a correlation coefﬁcient not less
than 97%. Table 2 shows the kinetic parameters of the pseudo
ﬁrst order kinetic model.
3.4.2. Pseudo second-order kinetic model
Pseudo-second-order reaction kinetic model can be repre-
sented according to HO [21] by the following equation:
dqt
dt
¼ k2ðqe  qtÞ2 ð2Þy = -0.0041x + 4.41
R² = 0.9838
y = -0.0055x + 4.1296
R² = 0.9849
y = -0.003x + 3.5179
R² = 0.9812
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Figure 6 Plot of ln (qe  qt) versus time at different Ni+2 initial
concentrations (resin dosage = 40 gm, Temp = 25 C).
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Figure 7 Plot of ln (qe  qt) versus time at different Pb+2 initial
concentrations (resin dosage = 40 gm, Temp = 25 C).
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Figure 8 Plot of t/qt versus t at different Ni
+2 initial concen-
trations (resin dosage = 40 gm, Temp = 25 C).
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Figure 9 Plot of t/qt versus t at different Pb
+2 initial concen-
trations (resin dosage = 40 gm, Temp = 25 C).
Kinetic study of heavy metal ions removal by ion exchange 87where k2 is the pseudo-second-order rate constant, qe the
amount of heavy metal removed at equilibrium and qt is the
amount of metal removed at time ‘t’.
Separating the variables in Eq. (2) gives:
dqt
ðqe  qtÞ2
¼ k2t ð3Þ
Integrating this for the boundary conditions t= 0 to t= t
and qt = 0 to qt = qt, gives:
1
ðqe  qtÞ
¼ 1
qe
þ k2t ð4Þ
Eq. (4) can be rearranged to obtain the following:
qt ¼
t
1=k2q2e þ t=qe
ð5Þ
This can be linearized as follows:
t
qt
¼ 1
k2q2e
þ 1
qe
t ð6Þ
Figs. 8 and 9 show a plot of t/qt versus t at different initial
ion concentrations of Ni+2 and Pb+2 respectively from which
qe and k2 can be determined. The present data ﬁt well pseudo
second order kinetic model with high correlation coefﬁcients
more than 0.996. Alyu¨z et al. [10] have found that the removal
of Ni and Zn ions were well ﬁtted by second order model. Bai
[22] has found also that the ion exchange of cadmium ions on
Amberjet 1200H follows pseudo-second-order kinetics. Table 2
shows the pseudo second order kinetic constants for Ni+2 and
Pb+2 ions at different initial concentrations. It may concluded
that the pseudo second order kinetic model well describe theTable 2 Summary of the parameters of Pseudo ﬁrst and second kin
Metal ion Conc., ppm Pseudo ﬁrst order kinetic parameters
k1 (s
1) qe (mg/g) R
Ni+2 800 0.004 49 0
1000 0.0055 49 0
1250 0.003 51 0
Pb+2 800 0.043 41 0
1000 0.0049 51 0
1250 0.0068 64 0present data, which indicates that the chemisorption nature
of the ion exchange process [23].
3.4.3. Elovich model
One of the most useful models for describing chemical adsorp-
tion is the Elovich equation [24], which is given by the
following:
dqt
dt
 
¼ aexpðbqtÞ ð7Þetic models.
Pseudo second order kinetic parameters
2 k2(g/mg.s) qe (mg/g) R
2
.9838 5.23 * 105 49 0.9979
.985 1.31 * 104 49 0.9963
.98 1.78 * 104 51 0.9987
.9774 2.84 * 104 41 0.9996
.9877 2.55 * 104 51 0.9992
.9798 1.91 * 104 61 0.9975
y = 18.511x -91.915
R² = 0.9661
y = 9.793x -24.601
R² = 0.914y = 9.2559x -15.194
R² = 0.9954
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Figure 10 Plot of qt versus ln (t) at different Ni
+2 initial concentrations (resin dosage = 40 gm, Temp = 25 C).
88 T.M. Zewail, N.S. Yousefwhere a and b are constants. The constant a is regarded as the
initial rate. Given that qt = qt at t= t and qt = 0 at t= 0, the
integrated form of Eq. (7) is as follows:
qt ¼
1
b
 
lnðtþ t0Þ  1
b
 
ln t0 ð8Þ
where t0 = 1/ab. If t t0, Eq. (8) can be simpliﬁed as
qt ¼
1
b
 
lnðabÞ þ 1
b
 
ln t ð9Þ
The assumption of t t0 and validity of Eq. (9) are checked
by the linear plot of qt vs. ln t. Figs. 10 and 11 show the ploty = 5.7854x -1.6294
R² = 0.9212
y = 7.0508x -0.8282
R² = 0.8938
y = 8.6264x + 0.0723
R² = 0.8871
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Figure 11 Plot of qt versus ln (t) at different Pb
+2 initial
concentrations (resin dosage = 40 gm, Temp = 25 C).
Table 3 Summary of the parameters of Elovich and intraparticle d
Metal ion Conc., ppm Elovich model kinetic paramete
a (mg/g s) b (mg/g)
Ni+2 800 0.129 0.054
1000 0.794 0.102
1250 1.793 0.108
Pb+2 800 4.37 0.173
1000 6.269 0.142
1250 8.699 0.116of qt versus ln (t) at various ion metal concentrations for
Ni+2 and Pb+2 respectively. It is well obvious that the present
kinetic data are well described by Elovich model with a rela-
tively high correlation coefﬁcient of not less than 88.7%. How-
ever Ni+2 kinetic data show a higher degree of data ﬁtting
than Pb+2 kinetic results with a correlation coefﬁcient not less
than 91%. The present result indicates that the nature of the
ion exchange reaction is chemisorption mechanism. Table 3
shows the calculated parameters of Elovich model at different
concentrations for Ni+2 and Pb+2.
3.4.4. Intra-particle diffusion model
Since the ion exchange process consists of many steps, it is
necessary to determine the rate determining step. The most
common technique used for identifying the rate determining
step is ﬁtting the kinetic data by the intra-particle diffusion
model. According to Weber and Torris [25] an intra-article dif-
fusion model is given by the following equation:
qt¼kpt0:5þC ð10Þ
where kp is the intra-particle diffusion coefﬁcient, and qt is the
amount of metal removed at time ‘t’ and C is the intercept.
Figs. 12 and 13 show a plot of qt versus t
0.5 for both Ni+2
and Pb+2 ions at different initial concentrations respectively.
The initial curved portion relates to the ﬁlm diffusion and
the later linear portion represents the intra-particle diffusion,
whereas the ﬁnal stage represents the saturation. It is obvious
that both ﬁlm diffusion and intra-particle diffusion contribute
to the ion exchange processes. The slope of the second portion
of the curve represents the intra-particle diffusion coefﬁcient
kp. Table 3 shows the value of kp for both Ni
+2 and Pb+2 ionsiffusion kinetic models.
rs Intraparticle diﬀusion model
R2 kp (mg/g s
0.5) R2
0.966 0.741 0.962
0.914 0.3686 0.923
0.995 0.6413 0.95
0.92 0.1965 0.955
0.89 0.1505 0.9551
0.89 0.1401 0.8058
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Figure 12 Plot of qt versus t
0.5 at different Ni+2 initial
concentrations (resin dosage = 40 gm, Temp = 25 C).
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0.5 at different Pb+2 initial
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Kinetic study of heavy metal ions removal by ion exchange 89at different initial concentrations. The lower values of kp in
case of Pb+2 compared to Ni+2, may be ascribed to that in
case of Pb+2, the contribution of intra-particle diffusion in
the overall rate is to a greater extent than in case of Ni+2.
4. Conclusions
The performance of a batch conical air spouted bed for the
removal of heavy metal ions by ion exchange has been investi-
gated. The kinetic of ion exchange has been studied under dif-
ferent conditions such as heavy metal type, initial concentration
of heavy metal and air superﬁcial velocities. Different kinetic
models have been investigated for the description of the present
data. The following conclusions have been withdrawn:
 The % removal of Pb+2 and Ni+2 increases as air spouting
velocity increases up to a certain value. However beyond
this value, air spouting velocity has negligible effect on %
metal ion removal efﬁciency.
 Initial metal ion concentration has low effect on % removal
efﬁciency of Pb+2, whereas a decline occurs in % removal
efﬁciency of Ni+2 at high concentration. Results indicated that the resin afﬁnity toward Pb+2 is
higher than toward Ni+2.
 Among the different models investigated, the second order
model is the best to describe the present data.
 Intra-particle diffusion models revealed that both ﬁlm diffu-
sion and intra-particle diffusion contribute to the ion
exchange processes.
Acknowledgment
I thank the chemical Engineering Department of faculty of
Engineering, Alexandria university for providing laboratory
equipment of the work described in this paper.
References
[1] T.M. Zewail, S.A.M. El-Garf, Preparation of agriculture residue
based adsorbents for heavy metal removal, Desalination Water
Treat. 22 (2010) 363–370.
[2] F. Fu, Q. Wang, Removal of heavy metal ions from
wastewaters: a review, J. Environ. Manage. 92 (2011)
407–418.
[3] S.A. Abo-Farha, A.Y. Abdel-Aal, I.A. Ashour, S.E. Garamon,
Removal of some heavy metal cations by synthetic resin purolite
C100, J. Hazard. Mater. 169 (2009) 190–194.
[4] L. Metcalf, H.P. Eddy, Wastewater Engineering: Treatment,
Disposal, andReuse,McGraw-Hill, NewYork, 1991, pp. 740–741.
[5] R.E. Treybal, Mass Transfer Operation, McGraw-Hill, New
York, 1968.
[6] I-H. Lee, Y. Kuan 2, Jia-Ming Chern, Equilibrium and kinetics
of heavy metal ion exchange, J. Chin. Instit. Chem. Eng. 38
(2007) 71–84.
[7] A.M. El-Kamash, A.A. Zaki a, M. Abed El Geleel, Modeling
batch kinetics and thermodynamics of zinc and cadmium ions
removal from waste solutions using synthetic zeolite A, J.
Hazard. Mater. B127 (2005) 211–220.
[8] A.H. Elshazly, A.H. Konsowa, Removal of nickel ions from
wastewater using a cation-exchange resin in a batch-stirred tank
reactor, Desalination 158 (2003) 189–193.
[9] T. El-Hasan, Z.A. Al-Anber, M. Al-Anber, M. Batarseh, F.
Al-Nasr, A. Ziadat, Y. Kato, A. Jiries, Removal of Zn2+,
Cu2+ and Ni2+ ions from aqueous solution via tripoli: simple
component with single phase model, Curr. World Environ. 3
(1) (2008) 01–14.
[10] B. Alyu¨z, S. Veli, Kinetics and equilibrium studies for the
removal of nickel and zinc from aqueous solutions by ion
exchange resins, J. Hazard. Mater. 167 (2009) 482–488.
[11] L.C. Lin, R.S. Juang, Ion-exchange equilibria of Cu(II) and
Zn(II) from aqueous solutions with Chelex 100 and Amberlite
IRC 748 resins, Chem. Eng. J. 112 (2005) 211–218.
[12] I.J. Vassilis, Ion exchange and adsorption ﬁxed bed operation
for wastewater treatment – part I: modeling fundamentals and
hydraulics analysis, J. Eng. Stud. Res. 16 (2010), No. 3.
[13] T.M. Zewail, The role of mass transfer in the removal of heavy
metal ions by ion exchange using batch gas sparged vessel,
Chem. Biochem. Eng. Q. 24 (4) (2010) 437–443.
[14] C.R. Duarte, M. Olazar, V.V. Murata, M.A.S. Barrozo,
Numerical simulation and experimental study of ﬂuid–
particle ﬂows in a spouted bed, Powder Technol. 188 (2009)
195–205.
[15] M. Jacob, Modeling and application, Powder Technol. 189
(2009) 332–342.
[16] M. Olazar, G. Lopez, H. Altzibar, A. Barona, J. Bilbao, One-
dimensional modeling of conical spouted beds, Chem. Eng.
Process. (2009) 1264–1269.
90 T.M. Zewail, N.S. Yousef[17] M.J. San Jose´, M. Olazar, A.S. Alvarez, M.A. Izquierdo, J.
Bilbao, Solid cross ﬂow into the spout and particle trajectories in
conical spouted beds, Chem. Eng. Sci. 53 (20) (1998) 3561–3570.
[18] S.A. Nosier, S.A. Sallam, Removal of lead ions from wastewater
by cementation on a gas-sparged zinc cylinder, Sep. Purif.
Technol. 18 (2000) 93–101.
[19] M. Al-Anber, Z.A. Al-Anber, Utilization of natural zeolite as
ion-exchange and sorbent material in the removal of iron,
Desalination 225 (2008) 70–81.
[20] M. Karatas, Removal of Pb(II) from water by natural zeolitic
tuff: kinetics and thermodynamics, J. Hazard. Mater. 199–200
(2012) 383–389.[21] Y.S. Ho, Removal of copper ions from aqueous solution by tree
fern, Water Res. 37 (2003) 2323–2330.
[22] Y. Bai, B. Bartkiewicz, Removal of cadmium from wastewater
using ion exchange resin Amberjet 1200H Columns, Polish J.
Environ. Stud. 18 (2009) 1191–1195.
[23] Y.S. Ho, G. Mckay, The kinetic of sorption of divalent metal
ions into sphagnum moss peat, Water Res. 34 (2000) 735–742.
[24] F.-C. Wu, R.L. Tseng, R. Juang, Characteristics of Elovich
equation used for the analysis of adsorption kinetics in dye-
chitosan systems, Chem. Eng. J. 150 (2009) 366–373.
[25] W.J. Weber, J.C. Morris, Kinetics of adsorption on carbon from
solution, J. San. Eng. Div. ASCE 89 (1963) 31.
